Rationale: Electrogram-based catheter ablation, targeting complex fractionated atrial electrograms (CFAEs), is empirically known to be effective in halting persistent/permanent atrial fibrillation (AF). However, the mechanisms underlying CFAEs and electrogram-based ablation remain unclear.
Recent studies 4, 5 have linked CFAEs to the activity of ganglionated plexi in the atria. However, an anatomic study 6 found that the number of neurons in the ganglionated plexi of the human heart decreases with age. This suggests that the ganglionated plexi may not be responsible for CFAE formation in aging patients with persistent/permanent AF, raising the following questions:
(1) What is the mechanism underlying CFAEs in patients with persistent/permanent AF? (2) How does CFAE-targeted ablation terminate AF?
Myocardial tissue is mainly composed of myocytes and fibroblasts, which produce collagen. [7] [8] [9] Under pathological conditions, such as persistent/permanent AF associated with heart failure, fibroblasts proliferate and play an important role in myocardial remodeling, often differentiating into larger myofibroblasts. [7] [8] [9] Electric coupling between myocytes and fibroblasts has been demonstrated in cell cultures. 10, 11 Recent experimental observations [12] [13] [14] have shown that the nonexcitable fibroblasts (including myofibroblasts) form electric coupling with myocytes through gap junctions, exerting electrotonic influences.
On the basis of these facts, we hypothesized that the electrotonic interactions between atrial myocytes and coupled fibroblasts play an important role in the genesis of CFAEs and that catheter ablation targeting such fibroblast-derived CFAE sites could terminate AF. The goal of the present study was to address the questions above and to test the proposed hypotheses in computer simulations of atrial excitation propagation under the conditions of heart failure.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Atrial Myocyte and Fibroblast Models
The action potential was represented by the Courtemanche human atrial model. 15 Each myocyte was electrically connected to a number of MacCannell model 16 fibroblasts ( Figure 1A ). The fibroblast model 16 includes time-and voltage-dependent K ϩ current (I Kv ), inward-rectifying K ϩ current (I K1 ), Na ϩ -K ϩ pump current (I NaK ), and Na ϩ background current (I Nab ). Fibroblasts and myofibroblasts were represented by the same ionic model but had different capacitances, 6.3 and 50.4 pF, respectively. Consistent with results by MacCannell et al, 16 we used the same gap junctional conductance (3.0 nS) for both fibroblast and myofibroblast coupling to a myocyte.
To represent atrial electric remodeling under heart failure, we incorporated modifications in ion channel conductances in the atrial myocyte model. 17 The maximum conductances of the L-type Ca 2ϩ current (I CaL ), the slow component of delayed rectifier K ϩ current (I Ks ), the transient outward K ϩ current (I to ), and the Na ϩ /Ca 2ϩ exchanger current (I NaCa ) were assumed to be 70%, 70%, 50%, and 145%, respectively, of the original values. With these modifications, the action potential duration (APD) of the human atrial myocyte decreased (eg, from 243-214 ms for APD 70 at 2 Hz).
To represent gap junctional remodeling in persistent/permanent AF, 18, 19 we used 0.384 and 0.126 mS/cm as the longitudinal and transverse intracellular conductivities, respectively, and 6.25 and 2.36 mS/cm as longitudinal and transverse extracellular conductivities, respectively. These values achieve the marked decrease in the longitudinal-to-transverse ratio (Ϸ2.2) of conduction velocity (CV) under persistent/permanent AF. 20
Myofiber Model
We simulated a 1-dimensional myofiber of length 4.5 cm. Fibroblasts or myofibroblasts, with side connections to myocytes, proliferated at the right half of the myofiber. Pacing stimuli of 1000-ms basic cycle length were applied to the left myofiber end.
Myocardial Sheet Model
The model was extended to a 2-dimensional (2-D) myocardial sheet of size 4.5ϫ4.5 cm ( Figure 1B , bottom) and simulations of spiral wave reentry conducted. The justification for the use of a 2-D model in the study of CFAEs in persistent/permanent AF is based on a recent experimental study 21 demonstrating dissociation of activity between epicardial and endocardial layers in persistent/permanent AF but not in paroxysmal AF.
In Figure 1B , parabolic gray curves represent fiber direction. The red circle of 3.0 cm diameter represents the (myo)fibroblast prolif- Catheter ablation was also applied to these blue circles. C, Low-density and high-density fibroblast distributions (LD-Fbs and HD-Fbs). Green dots represent myocytes connected to fibroblasts.
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eration area (Fb-Area). Local bipolar electrograms were recorded simultaneously at the center of each blue circle in Figure 1B , and a 5-second-long bipolar electrogram window was analyzed. Catheter ablation was modeled as a circular insulating area (without myocytes or fibroblasts) of 0.5 cm diameter (same size as blue circles).
CFAE Detection
The top panel in Figure 1B presents the CFAE detection algorithm that we used; a bipolar electrogram is shown. To detect excitation timings, the peaks of the first derivative of the bipolar electrogram were used. The tags above the electrogram mark excitation intervals Ͼ120 ms (L, black tags) and in the interval 70 -120 ms (S, red tags). An electrogram was labeled CFAE when S/(LϩS) (termed CFAE ratio) was Ն25%. This criterion reflects the occurrence of spiral wave breakup (and thus AF maintenance) under these conditions, as found in a preliminary simulation study. The rationale here is that if CFAEs are the targets for catheter ablation, CFAEs should be linked to the mechanisms of AF maintenance. 1 Figure 1C portrays the distributions of low-density and high-density fibroblasts, LD-Fbs and HD-Fbs, respectively, in the myocardial sheet. The average fibroblast cluster sizes for the LD-Fbs and HD-Fbs cases were 0.56 and 2.25 mm 2 , respectively. These values are within the reported range. 22 For LD-Fbs and HD-Fbs cases, a 100-pF atrial myocyte connecting with four 6.3-pF fibroblasts (ϩ4 Fbs) accounts for 12.5% and 50.0%, respectively, of the Fb-Area. We also implemented, in additional simulations, HD-Fbs (50.0% area) but with two 50.4-pF myofibroblasts per myocyte (ϩ2 MFbs). The choice of the number of fibroblasts and myofibroblasts was based on preliminary simulation results, which showed that spiral wave behavior in the ϩ2 MFbs case was similar to that in the ϩ4 Fbs case.
Fibroblast Proliferation in the Myocardial Sheet

Computation
The numeric approach, including methods for integration and solution of the linear system, has been described elsewhere. 23 The spatial discretization for the myocardial fiber and sheet was 150 m, and the time discretization was 5 s. The method for calculating electrograms has also been described previously. 24 We used 8.0 mS/cm as the bath conductivity. The ECG was simulated as being recorded by a unipolar electrode located 3 cm above the center of the myocardial sheet, and each local bipolar electrogram resulted from 2 unipolar electrodes, separated by a distance of 8 mm.
Results
Electrotonic Effects of Fibroblasts on Propagation
The effects of myocyte coupling to 6.3-pF fibroblasts on propagation in the myofiber model are shown in Figure 2A .
As the result of the fibroblast electrotonic influence, 4 or more fibroblasts coupled to a 100-pF myocyte decreased CV (white dashed arrows in Figure 2A ), and more than 10 fibroblasts caused conduction block (white double short line in Figure 2A ). Figure 2B shows action potentials of a myocyte located at the middle of the Fb-Area in the myofiber. As previously shown in a single atrial myocyte model study by Maleckar et al, 25 the increase in fibroblast number shortened APD; similar behavior was found here. Furthermore, because the resting membrane potential of the uncoupled fibroblast was around Ϫ50 mV, 26 the increase in the fibroblast number changed the diastolic potential of the myocyte from Ϫ79 to Ϫ54 mV (compare the control with the ϩ10 Fbs case in Figure 2B ).
As shown in Figure 2C and 2D, both APD shortening and CV decrease by fibroblast proliferation were more pronounced at shorter diastolic intervals (DI).
Electrotonic Effects of Fibroblasts on Spiral Wave Behavior
As shown in Figure 3A (Online Movie I, top left), a spiral wave reentry (as a model of AF) was induced by an S1-S2 cross-field protocol, with onset of S2 assumed as time zero (0-ms panel). In this control case, that is, without fibroblasts, spiral wave breakups arising from wave front-tail interaction were rarely observed. The spiral wave meandered (500-to 1250-ms panels) and terminated shortly thereafter (see simulated ECG at the bottom) because of collision with the sheet boundary (2500-ms panel).
In contrast, for the LD-Fbs case, as shown in Figure 3B (Online Movie I, top right), the spiral wave induced by the same protocol (0-ms panel) meandered within or around the Fb-Area (500-to 3850-ms panels) and was sustained longer than in control. Spiral wave breakup rarely occurred. The simulated ECG (bottom) showed coarse f waves, similar to typical clinical ECGs during paroxysmal AF.
Implementation of HD-Fbs instead resulted in transition, as shown in Figure 3C (Online Movie I, bottom left), from spiral wave reentry (0-to 500-ms panels) to multiple wavelets (1000-to 3850-ms panels) because of frequent wave break- Figure 2 . A, Effect of myocyte coupling to 6.3-pF fibroblasts on the excitation propagation in a myofiber model. The vertical axis represents time and the horizontal axis indicates location along the myofiber (blue bar). Pacing stimuli were applied at the left end of the myofiber. Fb-Area represents fibroblast proliferation area. The number of fibroblasts connected to a myocyte (ϩ1 to ϩ10 Fbs) in the right half of the myofiber is indicated in each transmembrane potential map. White solid arrows represent direction of wave propagation in control (without fibroblasts); white dashed arrows and the double short line represent slowed propagation and conduction block, respectively. B, Effect of fibroblast coupling on myocyte action potential morphology. The action potentials were recorded from a myocyte located at the middle of the Fb-Area in the myofiber. C and D, Action potential duration at 70% repolarization, APD 70 (C) and conduction velocity, CV (D) as a function of diastolic interval, DI, in cases of control, ϩ1 Fb, ϩ2 Fbs, and ϩ4 Fbs.
ups. In this case, the simulated ECG (bottom) shows fine f waves, similar to typical clinical ECGs in patients with persistent/permanent AF. In contrast, Figure 5 shows simulated ECGs and typical examples of bipolar electrograms in the HD-Fbs case. In this case, the bipolar electrograms classified as CFAEs were recorded within the Fb-Area (6 bipolar electrograms in red satisfied the CFAE criteria).
Bipolar Electrograms and CFAEs
CFAE-Targeted Ablation
If the hypothesis that fibroblasts are responsible for CFAE is valid, then catheter ablation targeting CFAE sites must terminate AF. To ascertain whether this is true, we conducted simulations of spiral wave ablation in the HD-Fbs sheet, administered at 150 ms after the S2 onset, as shown in Figure  6A . To mimic CFAE-targeted ablation, ablation was modeled as 1, 2, 4, or 7 nonexcitable small black circles of diameter 0.5 cm, depending on the CFAE ratio. For each simulation with a given number of ablation sites, the target sites were chosen to be those with the highest CFAE ratios ( Figure 5 ).
Spiral wave reentry terminated earlier as the number of ablation sites increased; all spiral wave activity was annihilated at 3480 ms, 2860 ms, 2620 ms, and 1380 ms in the cases of 1, 2, 4, and 7 ablation sites, respectively (2nd to 5th rows in Figure 6A ) (Online Movie II). In contrast, in the case of no ablation, spiral waves continued for over 5000 ms (top row in Figure 6A ). In another case of a single ablation site (Online Figure I) , where AF was not terminated, excitation intervals at the ablated site were prolonged and the excitation complexity decreased. This phenomenon is consistent with what we commonly observe in clinical practice.
Examples demonstrating the effect of CFAE-targeted ablation on spiral wave behavior are presented in Figure 6B through 6E, corresponding to the timings indicated by red, green, blue, and black triangles, respectively, in Figure 6A . The CFAE-targeted ablation site transiently pinned the spiral wave and its phase singularity (compare panels in Figure 6B ), preventing wave breakup by blocking the shortcut of the reentry. The spiral wave drifted between the ablation sites and finally collided with the sheet boundary (red arrows in Figure  6C through 6E), resulting in AF termination.
To demonstrate the robustness of our simulation results regarding CFAE-targeted ablation, we conducted an additional simulation of ablation, at 7 sites, of AF induced by a cross-stimulation protocol of different timing (S1-S2 interval 20 ms shorter than in Figure 3C ). Although the multiple wavelets dynamics sustaining AF was different, AF was again terminated shortly after ablation (Online Figure II) , very similar to results in Figure 6A , 5th row.
To further test the validity of the proposed CFAE mechanism, we simulated the effect of ibutilide, blocker of the fast component of the delayed rectifier K ϩ current (I Kr ), on CFAEs as in a recent clinical study. 27 In the HD-Fbs case, we found that a 50% decrease in I Kr led to organization of atrial activity, decrease in CFAEs, and to a tendency toward AF Figure 1C ). In the LD-Fbs and HD-Fbs models, atrial myocytes (100 pF), each connecting to 4 fibroblasts (6.3 pF) (ϩ4 Fbs) within the Fb-Area, account for 12.5% and 50.0% of that area, respectively. The simulated ECG in each case is shown at the bottom. termination (Online Figure III) , consistent with the clinical study on patients with persistent AF. 27
Similarities Between Electrotonic Effects of Myofibroblasts and Fibroblasts on Excitation Waves
As shown in Figure 7 , when 50.4-pF myofibroblasts were modeled instead of 6.3-pF fibroblasts ( Figure 2B through 2D), similar results were obtained. Four or more coupled 50.4-pF myofibroblasts per myocyte diminished CV (white dashed arrows in Figure 7A ), led to shorter APD and more depolarized myocyte diastolic potential ( Figure 7B ), and caused shifts in APD and CV restitution curves ( Figure 7C and 7D, respectively).
However, because the electrotonic effects of a 50.4-pF myofibroblast on a myocyte are more pronounced than those of a 6.3-pF fibroblast, 8 coupled myofibroblasts (instead of 10) per myocyte were sufficient for conduction block (white double short line in Figure 7A ). Moreover, both APD shortening ( Figure 7C ) and CV decrease ( Figure 7D ) were exacerbated at shorter DIs, as compared with the fibroblast case (compare with Figure 2C and 2D, respectively).
As shown in Figure 7E (Online Movie I, bottom right), in the case of HD-Fbs but with ϩ2 MFbs instead of ϩ4 Fbs, frequent wave breakups were observed, similar to the case of 6.3-pF fibroblasts shown in Figure 3C . The simulated ECG also exhibited fine f waves.
Effects of Collagen Accumulation on Spiral Wave Behavior
Additional simulations we conducted to examine the effect of collagen accumulation on spiral wave reentry induced by the same protocol. Figure 8A (Online Movie III, top left) shows the spiral wave behavior in the myocardial sheet, in which 18.8% of the Fb-Area was replaced by nonexcitable and nonconductive tissue (black dots in 0-ms panel) to represent collagen accumulation at low density (LD-Collagen). The spiral wave meandered around the collagen accumulation region, surviving for Ͼ5000 ms (500-to 3750-ms panels); the simulated ECG shows coarse f waves, similar to Figure 3B . In Figure 8B (Online Movie III, bottom left) the density of the collagen is high (HD-Collagen, 37.5% of Fb-Area). The spiral wave immediately attached to the clustered collagen (500-ms panel), resulting in a stationary reentry (curved white arrows in 2000-to 3750-ms panels). The simulated ECG (bottom) resembles typical clinical ECG during atrial tachycardia or flutter.
In both cases, collagen accumulation itself caused neither frequent wave breakups nor CFAEs in the bipolar electrograms recorded around the collagen accumulation region (data not shown). As shown in Figure 8C (Online Movie III, top and bottom right), catheter ablation targeting the collagen accumulation region (same ablation sites as in Figure 6A , ϩABL-7 case) could not terminate the spiral wave.
Discussion
This study focused on the poorly understood mechanisms of CFAEs during persistent/permanent AF and CFAE-targeted ablation. To address these issues, we modeled human atrial tissue under heart failure conditions and conducted simulations of propagation and spiral wave reentry with and without fibroblast proliferation. The main findings are: Figure 2A . B, Effect of myofibroblast coupling on myocyte action potential morphology. C and D, APD 70 (C) and CV (D) as a function of DI in cases of control, ϩ1 MFb, ϩ2 MFbs, and ϩ4 MFbs. E, Example demonstrating effect of the myocyte-myofibroblast coupling on spiral wave behavior in the same HD-Fbs myocardial sheet as in Figure 3C but with ϩ2 MFbs. Other representations as in Figure 3 .
Figure 8. A and B, Examples demonstrating the effect of low-density (A) and high-density (B) collagen accumulation (LD-Collagen and HD-Collagen, respectively) on spiral wave behavior in the myocardial sheet. Black dots indicate atrial myocytes replaced by collagen.
Curved white arrows represent direction of wave front propagation during a stationary reentry. C, Consecutive snapshots of transmembrane potential maps (every 500 ms) in the LD-Collagen and HD-Collagen myocardial sheets, incorporating ablation 150 ms after the S2 onset (0 ms). Seven small black circles indicate the ablation sites (ϩABL-7).
(4) CFAEs are not attributed to collagen accumulation itself.
Fibroblast Proliferation as a Mechanism of CFAEs
To the best of our knowledge, the present study is the first to focus on the relationship between fibroblast proliferation and CFAE genesis. The faithful reproduction of CFAEs by our AF model suggests that the electrotonic interactions between myocytes and fibroblasts are an important mechanism of CFAEs during persistent/permanent AF ( Figure 3C and Figure 5 ). Furthermore, the present study demonstrates that the differentiation of fibroblasts into myofibroblasts of larger capacitance did not alter the basic CFAE mechanism ( Figure  7) . We also simulated the effect of I Kr blocker on CFAEs (Online Figure III) , which is consistent with the results of a recent clinical study. 27 The present study suggests that decreases in APD ( Figure  2A through 2C) , CV (Figure 2A and 2D) , and myocardial excitability (Figure 2A and 3C) are requirements for CFAEs. Fibroblast proliferation was found to satisfy these 3 requirements simultaneously, since the resting membrane potential of the nonexcitable fibroblasts (around Ϫ50 mV 26 ) electrotonically decreased the action potential plateau level while elevating the resting membrane potential of the coupled atrial myocytes.
Evidence Supporting the Fibroblast CFAE Hypothesis
The fibroblast CFAE hypothesis is supported by previous observational evidence that fibrosis plays a role in atrial structural remodeling under persistent/permanent AF 28, 29 and that (myo)fibroblast proliferation is involved in the process of fibrosis. 8 -10 Furthermore, an experimental study 14 using optical mapping of cocultured cardiac monolayers demonstrated direct evidence for the propensity to reentrant arrhythmia under (myo)fibroblast proliferation, consistent with our results.
Experimental and clinical studies have demonstrated that conduction delay/block leading to fibrillatory conduction was observed predominantly in long-term rather than short-term AF, 30 and that it occurred in areas where structural remodeling, including fibrosis, was confirmed by histology 30 and where electrograms consistently exhibited CFAEs during AF. 31, 32 Our simulation results are consistent with these findings: as seen in Figure 2A and 3C, fibroblast proliferation causes conduction delay/block, resulting in CFAEs ( Figure 5 ).
Clinically, CFAE sites are found in clusters over the atria and exhibit temporal and spatial stability 1, 2, 5 ; such clustered distribution is very similar to the distribution of fibrotic remodeling areas in patients with persistent/permanent AF. 33, 34 Indeed, probably because of the fibrotic remodeling, the distribution of CFAE sites during persistent/permanent AF is different from that during paroxysmal AF, with the number of CFAE sites being larger in persistent/permanent AF than in paroxysmal AF. 1, 5, 35 Furthermore, the addition of CFAE-targeted ablation to pulmonary vein isolation provides great benefit in the treatment of persistent/permanent AF, 2,3 which is not the case for paroxysmal AF. 3 These findings are consistent with our hypothesis that CFAEs under persistent/ permanent AF are attributable, at least partially, to structural remodeling (fibroblast proliferation and/or fibrosis) and that such CFAE sites are important in the maintenance of persistent/permanent AF.
Hunter et al 36 classified CFAEs into 5 categories according to their complexity: Grade 1 (uninterrupted fractionated), Grade 2 (interrupted fractionated), Grade 3 (intermittent fractionated), Grade 4 (complex), and Grade 5 (normal). Following this classification, CFAEs in our study are Grade 2 and/or 4, both of which were found to be effective ablation targets. 36 Our results regarding CFAE-targeted ablation are also supported by the clinical observation that temporal and frequency gradients of activations can be used to guide effective ablation of AF sources. 37 Our simulated CFAEs ( Figure 5 ) showed both the temporally alternating potentials between adjacent bipoles (temporal gradient of activation) and the distribution of activation cycle length, which decays from the Fb-Area to the surrounding tissue (frequency gradient).
Other Proposed CFAE Mechanisms
The activity of ganglionated plexi has been proposed as a mechanism of CFAEs. 4, 5 However, as mentioned in the Introduction, the number of neurons in the ganglionated plexi decreases with age 6 and thus the contribution of the plexi to CFAEs in aged patients with persistent/permanent AF could be lower than expected. Indeed, the ganglionated plexitargeted ablation has been shown to be effective for paroxysmal AF 38 but not for persistent AF. 39 Another possible CFAE mechanism, at least contributing to CFAE complexity, could be pulmonary vein triggers. Indeed, CFAE sites tend to locate at pulmonary vein ostia, thus pulmonary vein triggers could play an important role in CFAE formation. However, the contribution of pulmonary vein triggers in AF maintenance seems to be less important regarding maintenance of persistent/permanent AF based on the fact that pulmonary vein isolation alone fails in most cases to restore stable sinus rhythm in these types AF patients. 35, 40, 41 Additional proposed mechanism underlying CFAEs is endo-epicardial breakthroughs. 21, 30 Experimental studies using a multi-electrode mapping system have demonstrated that 3-dimensional intramural reentry, resulting in breakthroughs, can occur in the thin atrial wall, 42 and that the emergence of breakthroughs could cause CFAE-like electrograms. 30 Finally, CFAEs have been proposed to arise at the periphery of high-frequency rotors, where frequent wave breakups and fibrillatory conduction occur because of regional ionchannel changes causing electrophysiological heterogeneity. 41, 43 In this case, CFAE sites should encircle the dominant frequency area, with the frequency at the CFAE sites being lower than that at the surrounding tissue. However, according to clinical studies, 1,2,5 CFAE sites exhibit shorter cycle lengths than the surrounding tissue and have been found to arise in clusters over the atria, which is consistent with our simulation results.
Why Is CFAE-Targeted Ablation Effective for Persistent/Permanent AF?
On the basis of the hypothesis 1 that CFAE sites are critical in perpetuating AF, these sites have become important targets for AF ablation, especially in patients with persistent/permanent AF. 2, 3 However, previous research has not provided a direct evidence that CFAEs reflect AF substrates and that CFAE-targeted ablation can terminate AF.
Effective catheter ablation for tachyarrhythmias is commonly achieved by (1) linear ablation crossing anatomic reentrant circuits, (2) focal ablation targeting abnormal automaticities, or (3) circumferential ablation encircling abnormal automaticities and/or rotors. What we found here is that CFAE-targeted ablation is different from the above 3 wellknown approaches.
As demonstrated by our simulations, spiral wave reentry was transiently pinned at the ablation site ( Figure 6A and Online Movie II) because the ablated circle (0.5 cm in diameter) was too small to permanently attach the spiral wave. Thus, CFAE-targeted ablation suppressed the generation of new wave fronts by blocking the shortcut of the reentry ( Figure 6B ) and pushed the spiral wave out of the Fb-Area ( Figure 6C through 6E) , resulting in AF termination.
However, in the case of collagen accumulation such scattered ablation sites converted AF, manifested as a meandering spiral wave reentry ( Figure 8A) , into a sustained stationary reentry ( Figure 8C, top) , for example, atrial tachycardia. The collagen accumulation region provided a better anchor for the spiral wave than the fibroblast proliferation area, and ablation at the multiple sites could not push the spiral wave reentry out of the collagen accumulation region.
Although clustered collagen represents nonexcitable regions ( Figure 8A and 8B) similar to those of ablation lesions ( Figure 6A ), the former leads to sustained reentry whereas the latter results in reentry termination. Our simulation results demonstrate that spiral wave reentry is eliminated if the wave transiently attaches to the nonexcitable ablation lesion (Figure 6C through 6E ). The ablation lesion in this study was 5 mm in diameter, which corresponds to the critical size of a nonexcitable anatomic obstacle required for spiral wave attachment. 44 Our simulations also demonstrate that a meandering spiral wave becomes stationary when small nonexcitable areas were distributed throughout the collagen accumulation region ( Figure 8A and 8B) . A single small nonexcitable area of diameter Ͻ5 mm does not change spiral wave behavior 44 ; however, our results show that many small nonexcitable areas scattered throughout the collagen accumulation region prevent the spiral wave from leaving that region. Indeed, the reason why ablation applied at the collagen accumulation region causes sustained atrial tachycardia rather than AF termination may be explained by the fact that the total area of nonexcitable clustered collagen plus nonexcitable ablation lesions far exceeds the critical size for spiral wave attachment. 44 
Clinical Implications
The significance of CFAEs and the efficacy of CFAE-targeted ablation remain not well understood. The proposed fibroblast CFAE hypothesis provides a systematic explanation of the mechanisms contributing not only to CFAEs but also to CFAEtargeted ablation during persistent/permanent AF.
Based on our simulation results, CFAE-targeted ablation may be effective for AF under fibroblast proliferation but not when accompanied by significant collagen accumulation. This suggests that CFAE-targeted ablation is more effective for patients in earlier stages of persistent AF, where collagen accumulation in the atria is severe. This speculation is consistent with a clinical study demonstrating that longer AF duration is one of the independent predictors of AF recurrence after CFAE-targeted ablation combined with pulmonary vein isolation for patients with persistent AF. 45 
Study Limitations
For CFAE detection, we did not use voltage thresholds but rather excitation intervals in the bipolar electrograms. CFAE detection algorithms vary among studies, 1,35,46 -48 with the very short cycle length, below 120 ms, which we used in our criterion, being the most fundamental characteristic of CFAEs. 35, 47 We used a 2-D atrial sheet model in this study. Thus, we could not investigate the contribution of epi-endocardial breakthroughs to CFAEs. Moreover, each fibroblast was connected to 1 myocyte only, and we did not consider fibroblast-fibroblast electrotonic interactions. Despite the simplified model, our simulation results are consistent with clinical observations in many aspects as discussed above.
In vivo myocyte-fibroblast electric coupling has been found in the atrium but only in the sinoatrial node, where fibroblasts are most abundant under physiological conditions. 49 However, because fibroblast proliferation is mechanically and chemically enhanced by the remodeled myocardium 7-9 and the myocytefibroblast interactions are enhanced by cardiac injury, 50 it is possible that (myo)fibroblasts are abundant in the atria in persistent/permanent AF under heart failure conditions. Moreover, because the (myo)fibroblasts produce collagen fibers in the process of myocardial remodeling, 7-9 it is possible that (myo)fibroblasts act homeostatically as an electric bridge between different regions of myocytes isolated by collagen fibers. Myocyte-fibroblast electric coupling has been widely demonstrated in cell cultures, 10 -14 suggesting that myocyte-fibroblast electric coupling in the remodeled atria is a possible pathophysiological outcome. However, direct demonstration of the fibroblast's ability to couple to a remodeled atrial myocyte under the conditions of fibrosis associated with persistent/permanent AF is currently lacking. This is due to the fibroblast's nature to constantly adapt to its environment, 51, 52 making it very difficult to electrically identify the fibroblast in situ. Finally, the model does not incorporate heterogeneity of ion channel distribution or other electrophysiological and functional changes associated with persistent/permanent AF, as well as pulmonary vein triggers, which might also be contributing to CFAE generation, as described in the Discussion.
Despite these limitations, the present study captures essential features of CFAEs during persistent/permanent AF, and the fibroblast CFAE hypothesis provides a possible mechanism of CFAE-targeted ablation. Further studies are needed to fully elucidate the mechanisms of CFAEs and CFAEtargeted ablation.
